Muon-spin-spectroscopy study of the penetration depth of FeTeo.sSeo.s 
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Muon-spin-spectroscopy measurements have been used to study the superconducting state of 
FeTeo.sSeo.s. The temperature dependence of the in-plane magnetic penetration depth, X a b (T), is 
found to be compatible with either a two gap s + s wave or an anisotropic s-wave model. The value 
for \ ab (T) at T = K is estimated to be X ab (0) = 534(2) nm. 

PACS numbers: 76.75.-K, 74.70.Ad, 74.25.Ha 



The discovery of superconductivity at high tempera- 
ture in iron-based materials was a real surprise and has 
generated tremendous interest [IH3]- Iron selenium has 
recently been reported to be superconducting with a T c of 
8.0 K at ambient pressure and 37 K at 7 GPa @|. The 
substitution of tellurium on the selenium site increases T c 
to maximum of 14.5 K at ambient pressure. [H, 0] Mag- 
netization and resistivity measurements indicate a lower 
critical field at T = K, /io-ffci(O), of between 1 and 
8 mT and an upper critical field, fioH C 2(0), of 40-60 T 
for the FeTei-zSe* (0.25 < x < 0.5) system. Mea- 
surements on single crystals indicate that the supercon- 
ducting properties of this material are anisotropic. 

Muon spin rotation/relaxation, (//SR), a probe that is 
sensitive to the local held distribution within a material, 
has often been used to measure the value and temper- 
ature dependence of the London magnetic penetration 
depth, A, in the vortex state of type-II superconduc- 
tors [Til, 03 • A 2 (T) is in turn proportional to n s (T) 
where n s is the density of superconducting carriers. The 
temperature and field dependence of n s can provide in- 
formation on the nature of the superconducting gap. 

Here we report a fiSR study of FeTeo.sSeo.s. We 
show that the temperature dependence of A can be 
equally well described using either a two gap s + s- 
wave or an anisotropic s-wave model. We obtain an in- 
plane magnetic penetration depth A a b(0) = 534(2) nm. 
We compare these results with published data for the 
FeTei-zSe^ (0.25 < x < 1.0) system. 

A polycrystalline sample of FeTeo.sSeo.s was synthe- 
sized in a two-step process from high purity iron gran- 
ules (99.999%), selenium shot (99.997%) and tellurium 
powder (99.999%). First, the appropriate stoichiometric 
mixture of elements were sealed in an evacuated carbon 
coated quartz tube (10~ 6 mbar) and heated at a rate of 
100 °C/h to 650 °C, held at this temperature for 48 h, and 
then cooled to room temperature at 50 °C/h. The sam- 
ple was then heated at a rate of 180 °C/h to 970 °C for 24 
h and cooled to room temperature at 3 °C/h. Since the 
quartz tube often cracked during this cooling, the tube 
was sealed into a second quartz tube at a high vacuum 
before the second heating process. 
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FIG. 1: (Color online) (a) Temperature dependence of the 
magnetic susceptibility of FeTeo.sSeo.s measured using zero- 
field-cooled warming (ZFCW) and field-cooled cooling (FCC) 
protocols. The diamagnetic susceptibility corresponds to 
complete diamagnetic screening with a T c onset of 14.4 K. 
(b) Magnetization versus applied field curves for FeTeo.sSeo.s 
collected above T c at 20 K, 150 K, and 350 K. 



X-ray diffraction measurements show the sample has 
a tetragonal PbO type structure (space group PA/nmm) 
with a = b = 0.3798(8) nm and c = 0.6042(12) nm. 
The x-ray pattern showed that the sample also con- 
tained a quantity (< 2%) of the hexagonal- NiAs phase 
of FeTeo.sSeo.s and some Fe304 (~ 1%). Magnetization 
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(M) versus temperature (T) measurements carried out 
in a Quantum Design MPMS magnetometer reveal the 
sample has a transition temperature, T c , of 14.4 K [see 
Fig. rjji]. The zero- field (ZF)-cooled dc susceptibility ap- 
proaches a value of -1 while the field cooled signal is 10 -3 
indicating strong pinning in the sample. Magnetization 
versus applied magnetic field loops collected in the nor- 
mal state at 20, 150 and 350 K [see Fig.[T|D] show that the 
normal state signal is nearly temperature independent 
and has a response made up of contributions typical of a 
soft fcrromagnet and a Pauli paramagnet. This is consis- 
tent with the presence in the sample of a small amount 
of Fe3C>4. Using the published value for the saturation 
magnetization of Fe3C>4 [HI we estimate this fraction to 
be ~ 0.5% of the sample by mass [l4| in agreement with 
our x-ray diffraction measurements. 

The /xSR measurements were performed using the 
MuSR spectrometer at ISIS. A pulse of muons is pro- 
duced every 20 ms and has a FWHM of ~ 70 ns. The 
muons arc implanted into the sample and decay with half 
life, Tfj,, of 2.2 /zs into positrons, which are emitted pref- 
erentially in the direction of the muon spin axis. For a 
longitudinal-field (LF) measurement these positrons are 
detected and time stamped in the detectors which are po- 
sitioned before (F) and after (B) sample. The positron 
counts Np^B (t) have the functional form 

Np, B (t) = Np, B (0) cxp (yj [1 ± G z (t)] , (1) 

where Gz (t) is the longitudinal relaxation function. 
Gz (t) is determined using 



Np (t) - aN B (t) 
N F (t) + aN B it) ; 



(2) 



where a is a calibration constant which is determined by 
applying a transverse-field (TF) of 20 mT. Measurements 
were also carried out in transverse-field mode in magnetic 
fields of up to 60 mT. Each detector is normalized for 
the muon decay and rotated into two components at 90 
degrees to one another. 

The powder sample (30 mm by 30 mm square and 
1 mm thick) was mixed with GE varnish and mounted 
on a pure Ag plate. For measurements down to 1.2 K 
the sample was placed in a conventional Oxford Instru- 
ments cryostat. Data were also collected between 0.3 
and 1 K in an Oxford Instruments He-3 cryostat. For 
the measurements in TF mode in the conventional cryo- 
stat, hematite slabs were positioned immediately behind 
the sample. For measurements in the He-3 cryostat these 
hematite slabs were removed to ensure good thermal con- 
tact between the sample and the cold stage of the cryostat 
leading to an increased background in the data collected. 
For all the data collected in a magnetic field presented in 
this paper, the sample was field-cooled to base temper- 
ature and the data collected while warming the sample 
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FIG. 2: (Color online) Zero-field (T=20 and 1.2 K) and 
longitudinal-field (T=20 K and fi a H = 30 mT) /xSR time 
spectra for a sample of FeTeo.sSeo.s. 



in a field. A set of data collected at 1.2 K in an applied 
magnetic field, fioH = 40 mT after the sample was zero- 
field cooled produced no usable signal due to the very 
strong pinning present in the sample. 

Zero-field (ZF) /xSR data (see Fig. [2) can be fitted 
using 



G z {t) = A exp (-At) . 



(3) 



where Aq is the initial asymmetry, with a small nearly 
T independent relaxation rate, A, of 0.19/^s _1 between 
20 K and 1.2 K. The application of a small longitudi- 
nal magnetic field is sufficient to decouple the muon spin 
from the internal magnetic field. In line with the ob- 
servations of Khasanov et al. [IH this suggests that the 
depolarization is caused by weak, static magnetic fields, 
that are present in the sample both above and below T c . 
The most likely source of this field is dilute, randomly 
oriented magnetic moments associated with the Fe304 
impurity phase. 

Figure [3] shows the TF-/xSR precession signals above 
and below T c . In the normal state, the oscillation shows a 
small relaxation. Below T c , the relaxation rate increases 
due to the inhomogencous field distribution of the flux 
line lattice. Previous measurements on polycrystallinc 
samples of superconducting materials have shown that 
the internal field distributions can be modeled using a 
sinusoidally oscillating function with a Gaussian compo- 
nent 



G x (t) = A Q cxp (-At) exp (-cr 2 < 2 ) cos (ut + ip) , (4) 

where uj is the muon precession frequency and <p is the 
phase offset, a is the Gaussian relaxation rate given by 
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FIG. 3: (Color online) One component of the transverse-field 
muon-time spectra for FeTeo.sSeo.5 collected in a magnetic 
field [iqH = 30 mT at temperatures above (T = 20 K) and 
below (T — 1.2 K) the superconducting transition tempera- 
ture T c = 14.4 K. 



a = (^sc + °nm) 2 ■ "'sc (T) is the contribution to the re- 
laxation arising from the vortex lattice while <j nm , the 
nuclear magnetic dipolar term, is assumed to be tem- 
perature independent over the temperature range of the 
measurements. The data were fitted in two steps. First 
the data in the two channels were fitted simultaneously 
at each temperature with Aq, A, and a as common vari- 
ables. The fits were checked over the entire temperature 
range to ensure that physical values were obtained for 
all the parameters at each temperature point. To ensure 
stability of the fits A was then fixed to the value obtained 
just above T c and the data were refitted at each temper- 
ature point. The temperature dependence of a obtained 
is shown in Fig. |U 

In a superconductor with a large upper critical field 
and a hexagonal Abrikosov vortex lattice, the Gaussian 
muon-spin depolarization rate, a sc (T), is related to the 
penetration depth A by the expression 
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where "f tl /2iT 
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135.5 MHz/T is the muon gyromag 
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FIG. 4: (Color online) The temperature dependence of the 
Gaussian depolarization rate a extracted from the TF muon- 
time spectra collected in an applied magnetic field HoH = 
30 mT. The inset demonstrates the magnetic field indepen- 
dence of the parameter A at 20 K. 
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lll . Il2j . The temperature dependence of the pene- 



tration depth can then be fitted using either a single gap 
or a two gap model 16|, [17 1 



A" 2 (T) A 



A" 2 (0) 



A' 2 (T,A , 2 ) 
A- 2 (0,A ,i) ^ 2 A- 2 (0,A , 2 )' 



(6) 



where A~ 2 (0) is the value of the penetration depth 
at T = K, Aq,, is the value of the i-th (i = 1 or 2) 
superconducting gap at T — K and toj is the weighting 
factor with lo\ + w 2 = 1. 

Each term in equation [5] is evaluated using the stan- 
dard ex pre ssion within the local London approxima- 
tion HI E3 



a- 2 (r,A 0|i ) 

A- 2 (0,Acm) 



1- 



1 



dE 



EdEdip 



E 2 



A, (T, (p) 
(7) 

where / = [1 + cxp (E/ksT)} is the Fermi func- 
tion, ip is the angle along the Fermi surface, and 
Ai(T,<p) = A ,iS(T/T c )g((p). The temperature de- 
pendence of the gap is approximated by the expression 
5{T/T C ) = tanh jl.82 [1.018 (T c /T - 1)] 051 | while 

g (tp) describes the angular dependence of the gap. The 
fits (see Table IJ) appear to rule out both the <i-wave and 
s-wave as possible models for this system (ioj . 

The anisotropic s-wave model gives a value for s, 
the parameter reflecting the isotropic s-wave compo- 
nent, that is larger than that obtained for FeSeo.85 
in Ref. Nevertheless, the variation in the gap 
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TABLE I: Results for fits to the temperature dependence of the penetration depth using different models for the symmetry of 
the superconducting gap function [20]. 



Model 


a if) 


Gap value (meV) 


x 2 


s-wave 


1 


A=1.86(2) 


5.93 


s + s-wave 


1 


Ai=2.6(l), A 2 =0.87(6) and wi = 0.70(3) 


1.55 


anisotropic s-wave 


(s + cos 4ip) 


A = 1.4(1) with s = 1.56(5) 


1.62 


d-wave 


|cos (2</?) | 


A = 3.31(4) 


2.87 



1 1 1 1 1 1 1 1 


1 i 1 i 1 i 1 i 

s+s-wave 




X 2 = 1-55 

norm 


A = 2.6(1) meV 

_ 0,1 




A = 0.87(6) meV 

0,2 




co = 0.70(3) 
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FIG. 5: (Color online) Temperature dependence of A -2 for 
FeTeo.sSeo.5. The curve (black line) is a fit to the data using 
two s-wave components, each with an isotropic gap. 



with angle A max /A m i n « 4.6 is still larger than the 
published values for related single layer superconductor 
NdFeAsOo. 9 F .i. [El 

A fit to the data using a two-gap s + s wave model 
is shown in Fig. [5] and gives Ao,i = 2.6(1) meV and 
A .2 = 0.87(6) meV with ui = 0.70(3). This model gives 
the lowest \ 2 ■ w i agrees with the value obtained by /iSR 
for FcSco.85 where u>i = 0.658(3). [lj| The size of the 
larger energy gap for FeSeo.85 and FeTeo.sSeo.s scale with 
T c . The ratio A ,i/A . 2 ~ 3 found in FeTeo. 5 Se .5 is 40% 
smaller than the corresponding value seen in FeSeo.85 but 
coincides with the value for i?FeAsOo.gFo.i (i?=La, Nd) 
determined by measuring the magnetic penetration depth 
using a tunnel-diode resonator. 22|. 

For anisotropic polycrystallinc samples, the magnetic 
penetration depth, A, calculated from the fiSK depolar- 
ization rate a is related to A q &, the in-plane penetra- 

H, Hi At T = 0, the value 
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tion depth by A 
for A(0) = 703(2) nm with X ab (0) = 534(2) nm [25j. 
These values are longer than those obtained by Khasanov 
et al. |15j for FeSeo.85 in spite of the fact that the T c of 
FeTeo.sSeo.5 is ~ 6 K higher. The value for A would 
place FeTeo.sSeo.5 above the line for hole doped high T c 



cuprates on an Uemura plot 2^, 21 1 ■ 

Using an upper critical field, B C 2 (0) ab, for 
FeTe 5 Seo.5 estimated from transport and magnetization 
measurements of 50 T and B C 2 = jffy , we calculate a co- 
herence length, £ a fc, for FeTeo.sSeo.5 at K of ~ 2.6 nm. 
If this is combined with our measurement of A and the 
standard expression H c \ = (^hi j + 0.12^ [l8| we es- 
timate fJ-oHd (0) || ab = 3.2 mT. This is in fair agreement 
with magnetization measurements where the first devia- 
tion from linear behavior gives (1qH c i/ jab of between 1 
and 8 mT at 1.5 K. 0, E3] 

In summary, /^SR measurements have been performed 
on superconducting FeTeo.sSeo.s- The temperature de- 
pendence of the magnetic penetration depth is found 
to be compatible with cither a two-gap s + s-wave or 
an anisotropic s-wave model. This result is consis- 
tent with other experimental data [l5|, [28| and density- 
functional calculations of the physical properties [29| of 
the FeTei-zSea; system, and with the more general pic- 
ture that is now emerging for iron pnictide superconduc- 
tors in which they are described as two-band supercon- 
ductors. Further studies on high purity single crystal 
samples are desirable as the presence of impurities can 
sometimes mask the true nature of the superconducting 
gap. [3(| 

The Quantum Design MPMS magnetometer used in 
this research was obtained through the Science City Ad- 
vanced Materials project: Creating and Characterising 
Next Generation Advanced Materials project, with sup- 
port from Advantage West Midlands (AWM) and part 
funded by the European Regional Development Fund 
(ERDF). 
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